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 Existing facilities in 2020:

– LHC with luminosity or energy upgrade

 Options: 

– low energy lepton collider:                 
ILC (500 GeV) (upgradable)  or                          
muon collider - Higgs Factory

– lepton collider in the multi Tev range:                        
CLIC or muon collider                                              

– hadron collider in hundred TeV range:  
VLHC  

High energy lepton collider likely required 
for full study of Terascale physics.

SM
SUSY

SUGRA, gauge or 
anomaly mediated 
SUSY Breaking?

MSSM, NMSSM, 
Split SUSY

R parity violation? 
...

New Dynamics
Technicolor, ETC, 
walking TC

topcolor
little Higgs models

compositeness

unparticles    ...

Extra 
Dimensions
Gravity

Randall-Sundrum

Universal ED

KK modes

 ...

LHC

SM extensions
two Higgs 
doublets
Higgs triplets  
Higgs singlets

new weak gauge 
interactions

new fermions
...

Crossroad In Theoretical Physics



 For √s < 500 GeV lepton collider

- SM threshold regions:                                   
top pairs; W+W-; Z0Z0;  Z0h production

 For low energy muon collider 

- s-channel Higgs production   
‣ Coupling ∝  lepton mass   

‣ Narrow width

‣ Direct width measurement
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Basics (√s < 500 GeV)
Standard Model Cross Sections
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16

FIG. 13: Total width of the standard-model Higgs boson vs.
mass, from [167].

FIG. 14: Higgs-boson production cross sections in pp colli-
sions at

√
s = 14 TeV, from [167]

reflects the behavior of the top-quark loop.] A fourth
generation of heavy quarks would raise the gg → H rate
significantly, increasing the sensitivity of searches at the
Tevatron and LHC.

For small Higgs-boson masses, the dominant decay is
into bb̄ pairs, but the reaction p±p → H + anything fol-
lowed by the decay H → bb̄ is swamped by QCD produc-
tion of bb̄ pairs. Consequently, experiments must rely on
rare decay modes (τ+τ− or γγ, for example) with lower
backgrounds, or resort to different production mecha-
nisms for which specific reaction topologies reduce back-
grounds. Accordingly, the production of Higgs bosons
in association with electroweak gauge bosons is receiv-
ing close scrutiny at the Tevatron. The rare γγ chan-
nel is seen as an important target for LHC experiments,
if the Higgs boson is light. Fine resolution of the elec-
tromagnetic calorimenters is a prerequisite to overcom-
ing standard-model backgrounds. At higher masses, the

Tevatron experiments have exploited good sensitivity to
the gg → H → W+W− reaction chain to set their exclu-
sion limits [115].

At the LHC, the multipurpose CMS and ATLAS detec-
tors will make a comprehensive exploration of the Fermi
scale, with high sensitivity to the standard-model Higgs
boson reaching to 1 TeV. Current projections suggest
that a few tens of fb−1 will suffice for a robust discov-
ery [165, 166].

Once the Higgs boson is found, it will be of great inter-
est to map its decay pattern, in order to characterize the
mechanism of electroweak symmetry breaking. It is by no
means guaranteed that the same agent hides electroweak
symmetry and generates fermion mass. In the following
§IVD1, we shall see how chiral symmetry breaking in
QCD could hide the electroweak symmetry without gen-
erating fermion masses. Indeed, many extensions to the
standard model significantly alter the decay pattern of
the Higgs boson. In supersymmetric models, five Higgs
bosons are expected, and the branching fractions of the
lightest one may be very different from those presented
in Figure 12 [168].

Precise determinations of Higgs-boson couplings is one
of the strengths of the projected International Linear Col-
lider [169, 170], but the LHC will supply crucial clues to
the origin of fermion masses. For example, a Higgs-boson
discovery in gluon fusion (gg → H), signalled by the large
production rate, would argue for a nonzero coupling of
the Higgs boson to top quarks—an important qualita-
tive conclusion. In time, and by comparing with other
production and decay channels, it should be possible to
constrain the Htt̄ coupling. With the LHC’s large data
sets, it is plausible that Higgs-boson couplings can even-
tually be measured at levels that test the standard model
and provide interesting constraints on extensions to the
electroweak theory.

D. Alternatives to the Higgs mechanism

1. How QCD would hide electroweak symmetry

An analogy between electroweak symmetry breaking
and the superconducting phase transition led to the in-
sight of the Higgs mechanism. The macroscopic order pa-
rameter of the Ginzburg-Landau phenomenology, which
corresponds to the wave function of superconducting
charge carriers, acquires a nonzero vacuum expectation
value in the superconducting state. Within a supercon-
ductor, the photon acquires a mass Mγ = !/λL, where
the London penetration depth, λL, characterizes the ex-
clusion of magnetic flux by the Meissner effect. In the
particle-physics counterpart, auxiliary scalars introduced
to hide the electroweak symmetry pick up a nonzero vac-
uum expectation value that gives rise to masses for the
W± and Z0.

A deeper look at superconductivity reveals an exam-
ple of a gauge-symmetry-breaking mechanism that does
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choosing R to be such that σ√
s

<∼ Γtot
h . In particular, in the SM context this corresponds to R ∼ 0.003% for

mhSM
<∼ 120 GeV.

If the mh ∼ 115 GeV LEP signal is real or if the interpretation of the precision electroweak data as an
indication of a light Higgs boson (with substantial V V coupling) is valid, [36] then both e+e− and µ+µ−

colliders will be valuable. In this scenario the Higgs boson would have been discovered at a previous higher
energy collider (possibly a muon collider running at high energy), and then the Higgs factory would be built with
a center-of-mass energy precisely tuned to the Higgs boson mass.[37] The most likely scenario is that the Higgs
boson is discovered at the LHC via gluon fusion (gg → H) or perhaps earlier at the Tevatron via associated
production (qq̄ → WH, ttH), and its mass is determined to an accuracy of about 100 MeV. If a linear collider
has also observed the Higgs via the Higgs-strahlung process (e+e− → ZH), one might know the Higgs boson
mass to better than 50 MeV with an integrated luminosity of 500 fb−1. The muon collider would be optimized
to run at

√
s ≈ mH , and this center-of-mass energy would be varied over a narrow range so as to scan over the

Higgs resonance (see Fig. 2 below).

III. HIGGS PRODUCTION

The production of a Higgs boson (generically denoted h) in the s-channel with interesting rates is a unique
feature of a muon collider [10, 11]. The resonance cross section is

σh(
√

s) =
4πΓ(h → µµ̄)Γ(h → X)

(s − m2
h)

2
+ m2

h

(
Γh

tot

)2 . (1)

In practice, however, there is a Gaussian spread (σ√
s
) to the center-of-mass energy and one must compute the

effective s-channel Higgs cross section after convolution assuming some given central value of
√

s:

σh(
√

s) =
1√

2π σ√
s

∫
σh(

√
ŝ) exp





−

(√
ŝ −

√
s
)2

2σ2√
s




 d

√
ŝ

√
s=mh&

4π

m2
h

BF(h → µµ̄) BF(h → X)
[

1 + 8
π

(
σ√

s

Γtot
h

)2
]1/2

. (2)

It is convenient to express σ√
s

in terms of the root-mean-square (rms) Gaussian spread of the energy of an

FIG. 2: Number of events and statistical errors in the bb final state as a function of
√

s in the vicinity of mhSM = 110 GeV,
assuming R = 0.003%, and εL = 0.00125 fb−1 at each data point.

individual beam, R:

σ√
s

= (2 MeV)

(
R

0.003%

) ( √
s

100 GeV

)
. (3)
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 For √s > 500 GeV                 
– Above SM pair production thresholds:                                    

R ≡ σ/σQED (μ+μ-->e+e-)   flat

 Luminosity Requirements                   

µ+µ−(20o cut) = 100

W+W− = 19.8

γγ = 3.77

Zγ = 3.32

tt̄ = 1.86

bb̄ = 1.28

e+e− = 1.13

ZZ = 0.75

Zh(120) = 0.124

R at √s = 3 TeV  
O(αem

2)  O(αs0)  

(one unit of R)

For example: 

L = 1034 cm−2sec−1

→ 100 fb−1year−1

⇒    965 events/unit of R

Total - 128 K SM events per year

Processes with R ≥ 0.1 can be studied

1 ab−1

100 fb−1

10 fb−1

4

Basics (√s > 500 GeV)
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•  Likely new physics candidates:
–scalars: h, H0, A0,...
–gauge bosons:  Z’
–new dynamics: bound states
–ED: KK modes

• Example - new gauge boson: Z’
–SSM, E6, LRM
–5σ discovery limits: 4-5 TeV           
at LHC (@ 300 fb-1)

6 40. Plots of cross sections and related quantities

σ and R in e+e− Collisions
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Figure 40.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section
of this Review, Eq. (9.12) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)).
Breit-Wigner parameterizations of J/ψ, ψ(2S), and Υ (nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the
details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available
at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2007. Corrections
by P. Janot (CERN) and M. Schmitt (Northwestern U.))

39. Cross-section formulae for specific processes 1

39. CROSS-SECTION FORMULAE
FOR SPECIFIC PROCESSES

Revised September 2005 by R.N. Cahn (LBNL).

Setting aside leptoproduction (for which, see Sec. 16), the cross sections of primary
interest are those with light incident particles, e+e−, γγ, qq, gq , gg, etc., where g and
q represent gluons and light quarks. The produced particles include both light particles
and heavy ones - t, W , Z, and the Higgs boson H. We provide the production cross
sections calculated within the Standard Model for several such processes.

39.1. Resonance Formation

Resonant cross sections are generally described by the Breit-Wigner formula (Sec. 16
of this Review).

σ(E) =
2J + 1

(2S1 + 1)(2S2 + 1)
4π

k2

[
Γ2/4

(E − E0)2 + Γ2/4

]
BinBout, (39.1)

where E is the c.m. energy, J is the spin of the resonance, and the number of polarization
states of the two incident particles are 2S1 + 1 and 2S2 + 2. The c.m. momentum in
the initial state is k, E0 is the c.m. energy at the resonance, and Γ is the full width at
half maximum height of the resonance. The branching fraction for the resonance into
the initial-state channel is Bin and into the final-state channel is Bout. For a narrow
resonance, the factor in square brackets may be replaced by πΓδ(E − E0)/2.

39.2. Production of light particles

The production of point-like, spin-1/2 fermions in e+e− annihilation through a virtual
photon, e+e− → γ∗ → ff , at c.m. energy squared s is given by

dσ

dΩ
= Nc

α2

4s
β
[
1 + cos2 θ + (1 − β2) sin2 θ

]
Q2

f , (39.2)

where β is v/c for the produced fermions in the c.m., θ is the c.m. scattering angle, and
Qf is the charge of the fermion. The factor Nc is 1 for charged leptons and 3 for quarks.
In the ultrarelativistic limit, β → 1,

σ = NcQ
2
f
4πα2

3s
= NcQ

2
f

86.8 nb

s(GeV2)2
. (39.3)

The cross section for the annihilation of a qq pair into a distinct pair q′q′ through
a gluon is completely analogous up to color factors, with the replacement α → αs.
Treating all quarks as massless, averaging over the colors of the initial quarks and defining
t = −s sin2(θ/2), u = −s cos2(θ/2), one finds [1]

dσ

dΩ
(qq → q′q′) =

α2

9s

t2 + u2

s2 . (39.4)

Crossing symmetry gives

CITATION: W.-M. Yao et al., Journal of Physics G 33, 1 (2006)

available on the PDG WWW pages (URL: http://pdg.lbl.gov/) July 14, 2006 10:37

Universal behavior for s-channel resonance

Convolute with beam resolution ΔE.
If ΔE≪ Γ

Can use to set minimum required luminosity

The integrated luminosity required to produce 
1000  μ+μ- -> Z’ events on the peak 

Minimum luminosity at Z’ peak:
L = 0.5-5.0 x 1030 cm-2 sec-1 
for M(Z’) -> 1.5-5.0 TeV 

Minimum Luminosity for Muon Collider



- Important at multi Tev energies
-  Large cross sections
- Increase with s.
- MX2 < s

• Backgrounds for SUSY processes 
• t-channel processes sensitive to angular cuts
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Cross Sections at CLIC

CLIC  (or MC e<->μ)

Fusion Processes
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Various processes available for studying the Higgs 

at a muon collider:
- s-channel direct production:  h0 (√s = mh)   

- associated production:  Zh0 

‣ R ~ 0.12

‣ search for invisible h0 decays  

- Higgsstrahlung:  tth0 

‣ R ~ 0.01 

‣ measure top coupling 

- W*W* fusion :  νμνμ h0 

‣ R ~ 1.1 s ln(s)  (s in TeV2) (mh = 120 GeV)

‣ study some rare decay modes

‣ measure Higgs self coupling

7

only MC

 MC or CLIC

 MC or CLIC: 
good benchmark process

MC or CLIC: needs 10 ab-1 !!

Studying the Higgs Boson



– decay amplitudes depend on two parameters:  

– decoupling limit  mA0  >> mZ0 : 

• h0 couplings close to SM values

• H0, H± and A0 nearly degenerate in mass

• H0  small couplings to  VV,  large couplings to ZA0

• For large tanβ, H0 and A0 couplings to charged leptons and 

bottom quarks enhanced by tanβ. Couplings to top quarks 

suppressed by 1/tanβ factor.  
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resulting spectrum of physical Higgs fields includes three neutral Higgs bosons, the

CP-even h0 and H0 and the CP-odd A0. At tree-level the entire Higgs sector is

completely determined by choosing values for the parameters tanβ = v2/v1 (where

v2 and v1 are the vacuum expectation values of the neutral members of the Higgs

doublets responsible for up-type and down-type fermion masses, respectively) and

mA0 (the mass of the CP-odd A0). For a summary, see Refs. [1,2].

In the MSSM there is a theoretical upper bound on the mass of the lightest

state h0 [3,4] which is approached at large mA0 and large tanβ. After including

two-loop/RGE-improved radiative corrections [5,6] the bound depends upon the top

quark (t) and top squark (t̃) masses and upon parameters associated with squark

mixing. Assuming mt = 175 GeV and mt̃
<∼ 1 TeV, the maximal mass is

mmax
h0 ∼ 113 to 130 GeV , (1)

depending upon the amount of squark mixing. The 113 GeV value is obtained in

the absence of squark mixing. Figure 1 illustrates the mass of the h0 versus the

parameter tan β for mA0 = 100, 200 and 1000 GeV. Mass contours for the MSSM

Higgs bosons are illustrated in Fig. 2 in the conventional mA0 , tanβ parameter plane.

Both these figures include two-loop/RGE-improved radiative corrections to the Higgs

masses computed for mt = 175 GeV, mt̃ = 1 TeV and neglecting squark mixing.

The Higgs sector of the MSSM can be extended to include extra singlet fields

without affecting any of its attractive features. A general supersymmetric model

bound of

mh0
<∼ 130 ∼ 150 GeV (2)

applies for such non-minimal extensions of the MSSM, assuming a perturbative renor-

malization group (RGE) evolved grand unified theory (GUT) framework.

The couplings of the MSSM Higgs bosons to fermions and vector bosons are

generally proportional to the couplings of the SM Higgs boson, with the constant

of proportionality being determined by the angle β (from tan β) and the mixing angle

α between the neutral Higgs states (α is determined by mA0 , tan β, mt, mt̃, and the

amount of stop mixing). Those couplings of interest in this report are [7]

µ+µ−, bb tt ZZ, W+W− ZA0

h0 − sin α/ cosβ cos α/ sin β sin(β − α) cos(β − α)

H0 cos α/ cos β sin α/ sinβ cos(β − α) − sin(β − α)

A0 −iγ5 tan β −iγ5/ tanβ 0 0

(3)

2

HIGGS PHYSICS

logarithmically with the SUSY scale or common squark mass MS ; the mixing (or trilinear
coupling) in the stop sector At plays an important role. For instance, the upper bound on the
mass of the lightest Higgs boson h is shifted from the tree level value MZ to Mh ∼ 130–140
GeV in the maximal mixing scenario where Xt = At −µ/ tan β ∼ 2MS with MS = O(1 TeV)
[41]; see the left–handed side of Fig. 2.2. The masses of the heavy neutral and charged Higgs
particles are expected to range from MZ to the SUSY breaking scale MS .

FIGURE 2.2. The masses (left) and the couplings to gauge bosons (right) of the MSSM Higgs bosons as
a function of MA for tan β = 3, 30 with MS = 2 TeV and Xt =

√
6MS.

The pseudoscalar Higgs boson A has no tree level couplings to gauge bosons, and its
couplings to down (up) type fermions are (inversely) proportional to tan β. This is also the
case for the couplings of the charged Higgs boson to fermions, which are admixtures of scalar
and pseudoscalar currents and depend only on tan β. For the CP–even Higgs bosons h and
H, the couplings to down (up) type fermions are enhanced (suppressed) compared to the SM
Higgs couplings for tan β > 1. They share the SM Higgs couplings to vector bosons as they
are suppressed by sin and cos(β − α) factors, respectively for h and H; see the right–hand
side of Fig. 2.2 where the couplings to the W±, Z bosons are displayed.

If the pseudoscalar mass is large, the h boson mass reaches its upper limit [which, de-
pending on the value of tan β and stop mixing, is in the range 100–140 GeV] and its couplings
to fermions and gauge bosons are SM–like; the heavier CP–even H and charged H± bosons
become degenerate with the pseudoscalar A boson and have couplings to fermions and gauge
bosons of the same intensity. In this decoupling limit, which can be already reached for
pseudoscalar masses MA >∼ 300 GeV, it is very difficult to distinguish the Higgs sectors of the
SM and MSSM if only the lighter h particle has been observed.

Finally, we note that there are experimental constraints on the MSSM Higgs masses,
which mainly come from the negative LEP2 searches [42]. In the decoupling limit where the
h boson is SM–like, the limit Mh >∼ 114 GeV from the Higgs–strahlung process holds; this
constraint rules out tan β values smaller than tan β ∼ 3. Combining all processes, one obtains
the absolute mass limits Mh ∼ MA >∼ MZ and MH± >∼ MW [42].

II-12 ILC-Reference Design Report

- good energy resolution is needed for H0 and A0 studies: 

• for s-channel production of H0 :    Γ/M ≈ 1%  at tanβ = 20.  
• nearby in mass need good energy resolution to separate H and A. 
• can use bremsstrahlung tail to see states using bb decay mode.

8

good benchmark
 process

where zab is the one-loop correction to Zab, and we used that the hermitian matrix Zab

is also symmetric due to CP-conservation. The diagonal coefficients z11, z22 can be
set to zero, since they are ordinary one-loop corrections to a non-vanishing tree term.
The interesting terms are those that mix Hd with the complex conjugate of Hu. The
arbitrary quantity a parameterizes a real field rotation in (Φ1, Φ2) space, which preserves
the diagonal form of the kinetic term. We could set a = 0, but prefer to keep it to
demonstrate explicitly the independence of physical quantities on a below. Note that we
do not rotate the fields and then shift them by the vevs, since the vevs (and tanβ) have
been defined as parameters of the MSSM Lagrangian before matching to the 2HDM.

After substituting (36) into (9), we perform a unitary (in fact orthogonal, on account
of CP-conservation) field rotation to diagonalize the Higgs mass matrix. The transfor-
mation to the physical Higgs fields h0, H0, A0, H±, including the pseudo-Goldstone fields
G0, G±, is



 Im H0
u

Im H0
d



 =
1√
2



 sβ + δsβ cβ + δcβ

−[cβ + δcβ] sβ + δsβ







 G0

A0



 ,



 H+
u

H−∗
d



 =



 sβ + δsβ cβ + δcβ

−[cβ + δcβ] sβ + δsβ







 G+

H+



 ,



 Re H0
u

Re H0
d



 =
1√
2



 cα + δcα sα + δsα

−[sα + δsα] cα + δcα







 h0

H0



 , (37)

where δsβ, δcβ, δsα, δcα parameterize the correction to the corresponding MSSM tree-
level rotation, and we use the conventional notation sφ ≡ sin φ, cφ ≡ cosφ. We already
incorporated here that the correction δcβ to the tree-level mixing matrix turns out to be
the same for the CP-odd and the charged Higgs fields. The mixing angle α is given by

tan 2α =
M2

A + M2
Z

M2
A − M2

Z

tan 2β. (38)

The correction terms δsβ, δcβ are of the size of an ordinary loop correction, and hence
relevant only if the corresponding tree contribution is suppressed. This is the case for the
off-diagonal elements, since cβ ∝ 1/ tanβ. We therefore neglect the δsβ terms relative
to sβ ≈ 1. For the off-diagonal correction we obtain

δcβ = −
1 + a

2
z12 +

δb + ∆b + δλ7v2

M2
A

. (39)

The second term vanishes in “good” renormalization schemes.
In determining the correction to α, the cases MA > MZ and MZ > MA should be

distinguished. In the following we discuss explicitly only the case MA > MZ . The other
case follows roughly (that is, up to some signs) from interchanging h0 and H0. For large

13

Two Higgs Doublets (MSSM)
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- Muon collider will allow detailed study. 
Requires high luminosity 1 ab-1 for T

- Littlest Higgs Model:
charge (2/3) quark T (EW singlet),  
new W, Z,  and A gauge bosons, Higgs triplet 

At the LHC, T observable for m(T) <  2.5 TeV 
For W, Z, and A dependent on mixing parameters 
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Figure 8: Plot showing the accessible region (shaded) in the channel ZH → e+e− as a function of
the mass and the mixing cot θ′.
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- Present CDF/D0 bounds on W’, Z’, and new quarks 
effectively rule out production at ILC(500).

State CDF/D0 Limit (GeV)

Quark: (W,Z,h) + jet 325

Z’ (SM) 923

W’ (SM) 860

9

good benchmark processes

New Fermions and Gauge Bosons
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Muon collider will allow detailed study
Requires high luminosity 1 ab-1 for T

New fermions and gauge bosons ATLAS study  LHC  [hep-ph/0402037]

Littlest Higgs Model - 
charge (2/3) quark T (EW singlet),  
new W, Z,  and A gauge bosons, Higgs triplet 

At the LHC, T observable for m(T) <  2.5 TeV 
For W, Z, and A dependent on mixing parameters 
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Figure 8: Plot showing the accessible region (shaded) in the channel ZH → e+e− as a function of
the mass and the mixing cot θ′.
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Present CDF/D0 bounds on W’, Z’, and new quarks 
effectively rule out production at ILC(500).

State CDF/D0 Limit (GeV)

Quark: (W,Z,h) + jet 325

Z’ (SM) 923

W’ (SM) 860

11

good benchmark processes



Many studies of constraints on cMSSM

Full coverage likely requires a multi TeV lepton collider
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2.) Results: lightest chargino vs. χ2
tot

CMSSM mGMSB mAMSB
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⇒ mχ̃±
1

<∼ 300,800,900 GeV at ∆χ2 < 4 for mAMSB, CMSSM, mGMSB

⇒ already quite heavy for the LHC, observation in cascades?
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2.) Results: second lightest neutralino vs. χ2
tot

CMSSM mGMSB mAMSB
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<∼ 800 − 900 GeV at ∆χ2 < 4

⇒ already quite heavy for the LHC, observation in cascades?

⇒ pair production at the ILC difficult, e+e− → χ̃0
1χ̃0

2?

detection via χ̃0
2 → χ̃0

1 + X?
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Second lightest neutralino

Lightest chargino

 J. Ellis, S. Heinemeyer, K.A. Olive, A.M. Weber, G. Wieglein 
[arXiv:0706.0652] ;                                                                    

D. Feldman, Zuowei Lui and Pran Nath,                                        
PRL 99, 251802 (07); [arXiv:0802.4085] ; ...

S. Heinemeyer, X. Miao, S. Su, G. Wieglein [arXiv:0805.2359]
(using only EWPO, BPO and LEP)

∼
m(χ2) < 900 GeV for Δχ2 < 4
Heavy for LHC - possibly in decay chain ?
Lepton collider: 

Second lightest neutralino: 

m(χ1+) < 800, 900, 300 GeV for Δχ2 < 4
Heavy for LHC - possibly in decay chain ?
Lepton collider: Observable at ILC for mAMSB

Lightest chargino: 
∼

m(t1) > 500 for Δχ2 < 4
Easy for LHC up to 2 TeV
Lepton collider: Detailed study?

Lightest stop, sbottom and gluino: 
∼

- Direct limits (LEP, CDF, Dzero): 
- Electroweak precision observables (EWPO):  
- B physics observables (BPO):
- Cold dark matter (CDM): 

SUSY Studies
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backgrounds from the SM and, more importantly, from SUSY itself. At the LHC, sparticle
mass differences can be determined by measuring the endpoints or edges of invariant mass
spectra (with some assumptions on particle identification within the chains) and this results
in a strong correlation between the extracted masses; in particular, the LSP mass can be
constrained only weakly [15]. Therefore, only in specific constrained scenarios with a handful
of input parameters, that some elements of SUSY can be reconstructed in the complicated
environment of the LHC.
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FIGURE 5.1. The spectrum of SUSY and Higgs particles in the benchmark SPS1a′ cMSSM point [179]
(left) and the production cross sections for various SM and SUSY processes in e+e− collisions as a function
of the c.m. energy in this scenario (right).

On the other hand, the non–colored SUSY particles (and certainly the lightest Higgs
boson) would be accessible at the ILC with a c.m. energy of

√
s = 500 GeV, to be eventually

upgraded to 1 TeV. This is, for instance the case in a cMSSM typical scenario called SPS1a′

[179] as shown in Fig. 5.1. The cross sections for chargino, neutralino and slepton pair
production, when the states are kinematically accessible, are at the level of 10–100 fb, which
is only a few orders of magnitude below the dominant SM background processes; Fig. 5.1.
Given the expected high–luminosity and the very clean environment of the machine, large
samples of events will be available for physics analyses [7, 180]. At the ILC, it will be thus
easy to directly observe and clearly identify the new states which appeared only through
cascade decays at the LHC. Most importantly, thanks to the unique features of the ILC,
tunable energy which allows threshold scans, the availability of beam polarization to select
given physics channels and additional collider options such as e−e− which allow for new
processes, very thorough tests of SUSY can be performed: masses and cross sections can be
measured precisely and couplings, mixing angles and quantum numbers can be determined
unambiguously. Furthermore, the ILC will provide crucial information which can be used as
additional input for the LHC analyses, as would be e.g. the case with the LSP mass. The
coherent analyses of data obtained at the LHC and the ILC would allow for a better and
model independent reconstruction of the low energy SUSY parameters, connect weak–scale
SUSY with the more fundamental underlying physics at the GUT scale, and provide the
necessary input to predict the LSP relic density and the connection with cosmology.

II-60 ILC-Reference Design Report
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FIG. 5: A typical sample “compressed” Higgs and superpartner mass spectrum with ΩDMh2 = 0.11
brought about by Ñ1Ñ1 → tt through t̃1 exchange. The GUT scale parameters of the model are
M1,2,3 = 500, 750, 250, A0 = −500, and m0 = 342 GeV, with tanβ = 10 and µ > 0 at the weak scale.
The ratio of the largest superpartner mass to the smallest is less than 4. An unfortunate feature, quite
common to this scenario for dark matter, is that no visible superpartners would be within reach of a linear
collider with

√
s = 500 GeV.

GUT scale (so that the LSP mass is approximately 200 GeV) and obeying the boundary condition

of eqs. (2.7)-(2.9) with C24 varying and C75 = C200 = 0. I again require µ > 0 and tan β = 10,

and the allowed regions are shown for A0 = −M1 and A0 = −0.75M1. The thin horizontal regions

achieve the observed dark matter density by co-annihilations of sleptons and the LSP; as is well-

known, this requires a rather precise adjustment of the slepton squared masses. For C24 ∼> 0.19,

or equivalently M3 ∼< 260 GeV, the Ñ1Ñ1 → tt annihilation scenario takes over, leading to the

thicker, sloping allowed regions. They are cut off on the left by the imposed Higgs mass constraint

eq. (3.4).

The distinctive features of the Ñ1Ñ1 → tt annihilation scenario for dark matter in compressed

supersymmetry are illustrated in the superpartner spectrum for a typical model point shown in

Figure 5, with M1 = 500 GeV and m0 = 342 GeV in order to give ΩDMh2 = 0.11. In this

model, Ñ1Ñ1 → tt contributes about 89% to 1/ΩDMh2. The amplitude from t̃1 exchange is

largest, with an amplitude from Z exchange about 0.3 times as big in the velocity-independent

part of the 1S0 channel, with destructive interference. The superpartner mass spectrum shows

compression compared to mSUGRA models, with the ratio of masses of the largest superpartners

(nearly degenerate ũL, c̃L and d̃L, s̃L) to the LSP being less than 4, with all superpartners between

200 GeV and 800 GeV. The NSLP is t̃1. The lightest chargino C̃1 and the neutralinos Ñ2 and Ñ3

are higgsino-like; this is a consequence of µ being not too large as discussed in section II. Another

consequence of the choice of a relatively large wino mass to ameliorate the little hierarchy problem

is that the wino-like states Ñ4 and C̃2 are comparatively heavy, just below the gluino mass, and

there is a wide split between left-handed squarks and sleptons and their right-handed counterparts.

Supersymmetry provides strong case for a multi-TeV lepton collider

Compressed SUSY

No visible superpartners within reach 
of the ILC (500 GeV).  
All pair production thresholds are 
below 1.6 TeV.

Many visible superpartners within 
reach of the ILC (500 GeV).  
All pair production thresholds are 
below 1.2 TeV.

cMSSM ILC Benchmark  S. Martin [PR D75:115005,2007]

Fine tuning problems in the cMSSM - Allow non universal m1/2

11
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Slepton production at muon collider

• The angular distributions of mother particles
→ angular distributions of daughter particles are correlated

• t-channel → forward or backward
– Gauge boson pair production, smuon of KK muon production at µ+µ−

• s-channel
– Fermion pair production → forward or backward
– Scalar pair production → forward or backward

Angular cut at 20o:
50% reduction for smuon pair, 
20% reduction for selectron pair

Mass measurements using edge method   
better for MC than CLIC:

Slepton production at muon collider

• ẽRẽ∗
R : ∼ 90% efficiency (10% is lost)

• µ̃Rµ̃∗
R : ∼ 50% efficiency (50% is lost)

smaller efficiency but much larger cross section

Eµ distribution at colliders with Υ > 1
Datta, Kong, Matchev (preliminary)

• Can’t see nice flat distribution → distorted a lot

• Consistent YC deviates more since it has a peak at low x

• Beamstrahlung is more important at low x

• Flat tail or peak at low x (soft photons) affect physical distribution

• Is there a peak ? Which is the right answer ?

118 CHAPTER 5. SUPERSYMMETRY
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Fig. 5.6: Left panel: Muon energy spectrum in the decay µ̃L → µχ̃0
1 for the benchmark point H, corresponding to

Mµ̃L = 1150 GeV and Mχ̃0
1
= 660 GeV, as obtained for

√
s = 3 TeV, assuming the baseline CLIC luminosity spectrum.

Right panel: Accuracy in the determination of the µ̃L and χ̃0
1 masses by a two-parameter fit to the muon energy distribution.

The lines give the contours at 1σ, 68% and 95% C.L. for 1 ab−1 of data at
√

s = 3 TeV.

the main issue is the significant beamstrahlung smearing of the luminosity spectrum, and thus of the

effective Ebeam value. The corresponding effect has been estimated by assuming both a perfectly well

known and constant beam energy and the smearing corresponding to the baseline CLIC parameters at a

nominal
√

s = 3 TeV. Results are summarized in Table 5.1 for the original version of benchmark point
H. Since the updated post-WMAP version of point H has smallerm1/2 andm0, it would present a lesser

experimental challenge.

Table 5.1: Results of a one-parameter χ2 fit to the muon energy distribution for benchmark point H, obtained under different

assumptions on the δp/p2 momentum resolution and the beamstrahlung spectrum. Accuracies are given for an integrated

luminosity of 1 ab−1.

δp/p2 Beamstrahlung Fit result (GeV)

0 none 1150 ± 10

3.0 × 10−5 none 1150 ± 12

4.5 × 10−5 none 1151 ± 12

4.5 × 10−5 standard 1143± 18

The smuon mass has been extracted by a χ2 fit to the muon energy spectrum by fixing Mχ̃0
1
to

its nominal value (see Table 5.1). The fit has been repeated, leaving both masses free and performing a

simultaneous two-parameter fit. The results areMµ̃L = (1145 ± 25) GeV and Mχ0
1
= (652 ± 22) GeV

(see Fig. 5.6).

Effect of beamstrahlung

Kong, Winter  (MC) Datta, Kong and Matchev 
  [arXiv:hep-ph/0508161]CLIC report (2004)

Example Process at Muon Collider
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- What is the spectrum of low-lying states?
- What is the ultraviolet completion? Gauge group?  Fermion representations?
- What is the energy scale of the new dynamics?
- Any new insight into quark and/or lepton flavor mixing and CP violation? 
- ...

New Strong Dynamics

 Theoretical issues 

Technicolor, ETC,  Walking TC, Topcolor , ...

- Technipions - s channel production (Higgs like) 

- Technirhos - Nearby resonances - need fine energy 
resolution of muon collider.

13

good benchmark 
processes

28

Example: Resonance Production
Resonance scans, e.g. a Z’

Degenerate resonances
e.g. D-BESS model

1 ab-1 !"M/M ~ 10-4 & "#/# = 3.10-3

Can measure $M down to 13 GeV

Smeared lumi spectrum allows
still for precision measurements

CLIC - D-BESS model (resolution 13 GeV)

Figure 2: Cross sections for µ+µ− → ρT , ωT → e+e− for MρT
= 210 GeV

and MωT
= 211 GeV (higher-peaked curve) and 209 GeV. Statistical errors

only are shown for resolutions and luminosities described in the text. The
solid lines are the theoretical cross sections (perfect resolution).

given in terms of matrix elements of ∆ by

dσ(µ+µ− → ρ0
T , ωT → f̄ifi)

dz
=

Nfπα2

8s

{

(

|DiLL|2 + |DiRR|2
)

(1 + z)2

+
(

|DiLR|2 + |DiRL|2
)

(1 − z)2

}

; (10)

where

Diλλ′(s) = s
[

QiQµ ∆γγ(s) +
4

sin2 2θW

ζiλ ζµλ′ ∆ZZ(s)

+
2

sin 2θW

(

ζiλQµ∆Zγ(s) + Qiζµλ′∆γZ(s)
)]

.

(11)

8

Eichten, Lane, Womersley PRL 80, 5489 (1998) 
M(ρT) = 210 GeV M(ωT) = 211, 209 GeV
MC 40 steps (total 1 fb-1) 
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New interactions (at scales           
not directly accessible)              
give rise to contact interactions. 

Muon collider is sensitive to contact 
interaction scales over 200 TeV as 
is CLIC.
Cuts on forward angles for a muon 
collider not an issue. 
Polarization useful to disentangle 
the chiral structure of the 
interaction.  (CLIC)

apply, qualitatively, to a multi-TeV collider.
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Fig. 6.22: Limits on the scale Λ of contact interactions for CLIC operating at 3 TeV (dashed histogram) compared with a 1 TeV

LC (filled histogram) for different models and the µ+µ− (left) and bb̄ (right) channels. The polarization of electrons P− is

taken to be 0.8 and that of positrons P+ = 0.6. For comparison, the upper bars in the right plot show the sensitivity achieved

without positron polarization. The influence of systematic uncertainties is also shown.

Using the scaling law, the expected gain in reach on Λ for 5 ab−1 and a 5 TeV (10 TeV) e+e−

collider would be 400–800 GeV (500–1000 GeV). This is a very exciting prospect, if for the ‘doomsday’

scenario where in some years from now only a light Higgs has been discovered, and no sign of other

new physics has been revealed by the LHC or a TeV-class LC. Indeed, if the Higgs particle is light,

i.e. below 150 GeV or so, then the SM cannot be stable up to the GUT or Planck scale, and a new

mechanism is needed to stabilize it, as shown in Fig. 6.23 [58]: only a narrow corridor of Higgs masses

around 180 GeV allow an extrapolation of the SM up to the Planck scale without introduction of any new

physics. For example, for a Higgs with a mass in the region of 115–120 GeV, the SM will hit a region

of electroweak unstable vacuum in the range of 100–1000 TeV. Hence, if the theoretical assessment of

Fig. 6.23 remains valid, and the bounds do not change significantly (which could happen following a

change in the top-quark mass from, e.g. new measurements at the Tevatron) and the Higgs is as light as

120 GeV, then the signature of new physics cannot escape precision measurements at CLIC.

Finally, we note that straightforward left–right asymmetry measurements in Møller scattering, as

observed in e−e− interactions, can be used as sensitive probes of new physics effects due to, say, the
existence of higher-mass Z ′ bosons, doubly-charged scalars (which might belong to an extended Higgs
sector), or the presence of extra dimensions [59]. The running of sin2 θW with Q2 can be measured over

a large parameter range to probe for such novel effects, in a single experiment. The added energy reach

of CLIC will be of major importance for the sensitivity of such studies. As an example: assuming 90%

polarized beams at a CLIC energy of 3 TeV, e−e− interactions will be sensitive to interference effects
up to a compositeness scale of ∼ 460 TeV, far outdistancing the Bhabha scattering sensitivity even if the
electron (but not the positron) is polarized. For the same integrated luminosity, the sensitivity to Λ is

about a factor 1.6 larger in e−e− scattering, compared with e+e− scattering.

161

 NFMC Collaboration Meeting                     Fermilab  March 17-20, 2008                                                     E. Eichten   --35--

14

good benchmark process

Contact Interactions

Muon Collider Study
E.Eichten, S.~Keller, [arXiv:hep-ph/9801258]

CLIC Study
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- How many dimensions?

- Which interactions (other than gravity) extend into the extra dimensions?

- At what scale does gravity become a strong interaction?

- What happens above that scale?

- ... 

Extra Dimensions

 Theoretical issues 

LHC discovery - Detailed study at a muon collider 
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Fig. 6.4: Left: KK graviton excitations in the RS model produced in the process e+e− → µ+µ−. From the most narrow to

widest resonances, the curves are for 0.01 < c < 0.2. Right: Decay-angle distribution of the muons from G3 (3200 GeV)

→ µµ.

The resonance spectrum was chosen such that the first resonance G1 has a mass around 1.2 TeV,

just outside the reach of a TeV-class LC, and consequently the mass of the third resonance G3 will be

around 3.2 TeV, as shown in Fig. 6.4. The
√

s energy for the e+e− collisions of CLIC was taken to be
3.2 TeV in this study. Mainly the muon and photon decay modes of the graviton have been studied. The

events used to reconstruct the G3 resonance signal were selected via either two muons or two γ’s with
E > 1200 GeV and | cos θ| < 0.97. The background from overlaid two-photon events — on average

four events per bunch crossing — is typically important only for angles below 120 mrad, i.e. outside the

signal search region considered.

First we study the precision with which one can measure the shape, i.e. the c and M parameters,

of the observed new resonance. A scan similar to that of the Z at LEP was made for an integrated

luminosity of 1 ab−1. The precision with which the cross sections are measured allows one to determine

c to 0.2% andM to better than 0.1%.

Next we determine some key properties of the new resonance: the spin and the branching ratios.

The graviton is a spin-2 object, and Fig. 6.4 shows the decay angle of the fermions G → µµ for the G3

graviton, obtained using PYTHIA/SIMDET for 1 ab−1 of data, including the CLICmachine background.

The typical spin-2 structure of the decay angle of the resonance is clearly visible.

For gravitons as proposed in [7, 9] one expects BR(G → γγ)/BR(G → µµ) = 2. With the
present SIMDET simulation we get efficiencies in the mass peak (± 200 GeV) of 84% and 97% for

detecting the muon and photon decay modes, respectively. With cross sections of O(1 pb), σγγ and σµµ

can be determined to better than a per cent. Hence the ratio BR(G → γγ)/BR(G → µµ) can be
determined to an accuracy of 1% or better.

Finally, if the centre-of-mass energy of the collider is large enough to produce the first three

resonance states, one has the intriguing possibility to measure the graviton self-coupling via the G3 →
G1G1 decay [9]. The dominant decay mode will beG1 → gg or qq̄ giving a two-jet topology. Figure 6.5
shows the resulting spectacular event signature of four jets of about 500 GeV each in the detector (no

background is overlaid). These jets can be used to reconstruct G1. Figure 6.5 shows the reconstructed

G1 invariant mass. The histogram does not include the background, while the dots include 10 bunch

crossings of background overlaid on the signal events. Hence the mass of G1 can be well reconstructed

and is not significantly distorted by the γγ background.

141

µ+µ− → e+e−Randall-Sundrum model: 
    warped extra dimensions 

- two parameters:                     

‣ mass scale ∝ first KK mode;           
‣ width ∝ 5D curvature / effective 4D Planck scale.

possible KK modes 

15
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Summary

A multiTeV lepton collider is likely required for full coverage of Terascale physics. 

The physics potential for a muon collider at  √s ~ 3 TeV and integrated luminosity 
of 1 ab-1  is outstanding.  Particularly strong case for SUSY and new strong 
dynamics.

Narrow s-channel states played an important role in past lepton colliders.  If such 
states exist in the multi-TeV region, they will play a similar role in precision 
studies for new physics.  Sets the minimum luminosity scale. 

Proceed to a detailed study of physics case for 1.5-4.0 TeV muon collider:   

• Identify benchmark processes: pair production (slepton; new fermion), Z’ pole 
studies, h0 plus missing energy, resolving nearby states (H0-A0; ρT-ω0T), ...

• Dependence on initial beam [electron/muon, polarization and beam energy 
spread] as well as luminosity should be considered.

• Estimates of collision point environment and detector parameters needed.
• Must be able to withstand the real physics environment after ten years of 

running at the LHC.

16

Workshop on “Muon Collider Physics: Detectors and Backgrounds”,  Fermilab, Nov. 30-Dec. 2 (2009)


